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We have measured the water and hydrogen outgassing rates of seven vacuum chambers 
of identical geometry but constructed of different materials and heat treatments.  
Chambers of five different materials were tested: 304L, 316L, and 316LN stainless steels; 
titanium; and aluminum.  In addition, chambers constructed of 316L and 316LN stainless 
steel were subjected to a vacuum-fire process, where they were heated to approximately 
950 °C for 24 hours while under vacuum.  These latter two chambers are designated as 
316L-XHV and 316LN-XHV.  Because all the chambers were of identical geometry and 
made by the same manufacturer, a relative comparison of the outgassing rates among 
these chambers can be made.  Water outgassing rates were measured as a function of time 
using the throughput technique.  The results for the 304L chamber were in accord with 
the results of Li and Dylla.1 The water outgassing results for the 316L, 316LN, 316L-
XHV, 316LN-XHV were all similar, but lower than those of 304L by a factor of 3 to 5 
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lower at 104 s.  The water outgassing results for Ti and Al chambers were closer to that of 
304L, Ti being slightly lower. Hydrogen outgassing rates were measured using the rate-
of-rise method and performed after a low-temperature bake of 125 °C to 150 °C for a 
minimum of 72 hours.  The Ti, Al, 316L-XHV, and 316LN-XHV chambers all have 
ultra-low specific outgassing rates below 1 × 10-11 Pa L s-1 cm-2 and are a factor of 100 or 
better than the 304L chamber. The 304L, 316L, and 316LN chambers with no vacuum-
fire heat treatment have larger hydrogen outgassing rates than the other chambers, with 
determined specific outgassing rates ranging between 4.0 × 10-11 Pa L s-1 cm-2 and 8.0 × 
10-11 Pa L s-1 cm-2.  We conclude that Ti, Al, 316L-XHV, and 316LN-XHV have 
hydrogen outgassing rates that make them excellent choices for ultra-high vacuum 
(UHV) and extreme-high vacuum (XHV) applications, the choice depending on cost and 
other material properties. 
 
 
 
I. INTRODUCTION 
The ultimate pressure of a high vacuum, ultra-high vacuum (UHV) or extreme-
high vacuum (XHV) system results from a balance between the system pumping speed 
and gas input. In a well-built system free from leaks or permeation, the gas input is still 
nonzero, because gas is emitted from materials that comprise the vacuum chamber and 
system components. This outgassing depends on the material, so its selection is of 
paramount importance to vacuum system design. A large body of literature exists for the 
outgassing rates of the common vacuum chamber materials stainless-steel,2–8 
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aluminum,9–11 and titanium;12–16 the citations represent a small selection of the available 
literature.  However, because of differences in materials, material treatments, and 
measurement techniques, published outgassing rates often vary and questions arise as to 
the outgassing rate that can be practically achieved. Moreover, vacuum chambers have 
welds, seals, flanges, and variations in thickness and cleaning procedures that complicate 
the reproducibility of published outgassing rates. We present measured outgassing rates 
for seven vacuum chambers of identical geometry and construction, but of different 
vacuum materials.  The seven chambers are made of titanium (grade 2); aluminum 
(6061); and five stainless steels of different types and heat-treatments: 304L, 316L, 
vacuum-fired 316L, 316LN electro-stag re-melt, and heat-treated 316LN electro-slag re-
melt stainless-steel. All the vacuum chambers were fabricated, cleaned, and assembled by 
the same manufacturer (Anderson-Dahlen17). The vacuum-fire procedure (a 950 ℃ bake 
in vacuum for a minimum of 24 hours) was identical for the three vacuum fired 
chambers, designated here by -XHV. Outgassing rates were measured at NIST using SI-
traceable measurement techniques.  The same techniques and apparatus were used to 
measure the outgassing rates for all seven of the chambers. Therefore, by making relative 
comparisons of the outgassing rates among these seven chambers, we have sought to 
cancel the effects due to chamber construction and measurement method.  
One goal of this study is to provide accurate data that can be used to select 
chamber materials for use in the vacuum. For UHV and XHV applications, vacuum 
chambers often require ultra-low specific outgassing rates of less than 
1.0 × 10-11 Pa L s-1 cm-2.  Such a low outgassing rate cannot be achieved in stainless steel 
without heat treatment, generally at temperatures exceeding 400 ℃.3–5,18  Stainless steel 
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is typically produced in an electo-arc process and, without additional refining processes, 
contains a high concentration of dissolved hydrogen. Aluminum contains far less 
dissolved hydrogen than stainless steel, and titanium has been shown to have a diffusion 
barrier to hydrogen that leads to low outgassing rates.12,13  We will demonstrate that 
aluminum, titanium, and heat-treated stainless steel all have excellent ultra-low 
outgassing rates and can be used to build vacuum chambers capable of obtaining UHV or 
XHV pressures (i.e., pressures below 1.0 × 10-6 Pa).  
Any untreated vacuum chamber undergoes two distinct types of outgassing, 
which need to be considered separately: that due to gases adsorbed on the surface 
(typically water), and that due to gases dissolved in the bulk (typically hydrogen). For 
vacuum systems constructed of the materials we consider here, outgassing of water from 
the chamber surface will dominate the outgassing rate during the first hours or days of 
evacuation from atmospheric pressure.1  Water may be quickly desorbed from the surface 
by a low temperature bake in the nominal range of 100 ℃ to 250 ℃. For chamber 
thicknesses exceeding 1 mm, bakes in this temperature range over many days will not 
significantly reduce the hydrogen outgassing that originates from gas dissolved in the 
bulk. After a low temperature bake, the outgassing products are predominantly hydrogen. 
We first determined the water outgassing rate as a function of time using a throughput 
method.  Following a low-temperature bake, we then determined the hydrogen outgassing 
rate as a function of temperature using a rate-of-rise method.  In both cases, the origin of 
the off-gassed products cannot be distinguished; i.e. the gas can desorb from the surface 
or originate from gas diffusing from the bulk material.  The outgassing rate is the total 
throughput for the chamber and has units of Pa L s-1. The outgassing rate per unit area, 
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known as specific outgassing rate or outgassing flux, has units of Pa L s-1 cm-2 and can be 
considered a material property. 
Because it is relatively easy to perform a low-temperature bake, water outgassing 
is not a relevant consideration compared to the hydrogen outgassing rate for many UHV 
and XHV applications. However, low-temperature bakes are not always possible, and, in 
some applications, long pump-down times are required to reduce pressure. For example, 
for some large vacuum systems, low-temperature bakes are prohibitively expensive, and 
often these systems may be baked once, at most, or may contain temperature-sensitive 
equipment and so cannot be baked at all. In these cases, the specific water outgassing rate 
or pump-down curve is an important consideration in vacuum design. 
 
FIG. 1(a) Photograph of all sample chambers used in this study. These are (A) 304L, (B) 
316L, (C) 316L-XHV, (D) 316LN, (E) 316LN-XHV, (F) Al, and (G) Ti. (b) Cross-
section model view of the sample chamber. 
 
 
 
 6 
 
 
FIG. 2 Schematic of the apparatus used to determine the outgassing rates for the sample 
chambers.  The water outgassing rates are determined using the throughput method and 
the hydrogen outgassing rates use the rate-of-rise method.  
 
II. EXPERIMENTAL 
A. Sample Chambers 
Seven sample chambers were measured in this study; the material properties and 
designations are given in Table I and a picture of all the sample chambers is given in Fig. 
1.  All chambers were fabricated by the same manufacturer to the same dimensions.  
Each chamber consists of three parts: a cylindrical body, a DN200 flange (throughout this 
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paper the term DNnnn designates a knife-edge vacuum flange of nominal bore diameter 
nnn millimeters with dimensions specified in ISO 3669),  a sealing gasket. The 
cylindrical body is of 20 cm inner diameter and 20 cm interior length, open on one end 
and with 3 mm thick walls.  A knife-edge flange terminates one end of the cylinder and is 
sealed to a 13 mm thick DN200 flange using a copper gasket for all but the Al chamber, 
which used a gasket made of 1100-H14 series aluminum.  The thickness of this flange is 
thinner than a standard DN200 flange to facilitate better degassing for the chambers that 
were vacuum fired. All interior surfaces were a standard machine finish of Ra 1.6 µm or 
less (Ra is the arithmetic average surface roughness).  The volume of the sample chamber 
is 6.3 L with an interior surface area of approximately 2000 cm2. 
Two of the chambers, the 316L-XHV and 316LN-XHV where subjected to a 
vacuum fire process. The vacuum-fire process was performed by placing the raw 
materials used to fabricate the cylindrical body and DN200 flange in a vacuum furnace, 
where they were baked at approximately 950 °C for a minimum of 24 hours with the 
vacuum furnace pressure below 1 × 10-2 Pa. After the vacuum-fire process, fabrication 
was performed on the raw materials to produce the cylindrical chamber body and flange, 
including cutting the knife-edge surfaces for the seals.  The sealing gasket for the DN200 
flange was not subjected to the vacuum-fire process. The DN200 flange was bolted to the 
chamber body at the factory for all seven of the chambers. 
The DN200 flange has two symmetrically placed DN40 ports, each located 5.7 
cm from the flange center and 11.4 cm from each other. An all-metal valve is attached to 
one port and to the other is attached a spinning rotor gauge (SRG)19; note that the same 
valve and SRG were used for each chamber in turn. The interior surface of the SRG and 
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the all-metal valve, up to the sealing surface, contribute to the outgassing rate during the 
rate-of-rise measurements; the combined surface area of the SRG plus valve represents 
less than 5 % of the total area of the sample chamber. Both the all-metal valve and SRG 
were baked at a temperature greater than 400 ℃ for two weeks to reduce the hydrogen 
outgassing rate.18,20  The hydrogen outgassing rate of the combined SRG and all metal-
valve were measured in a separate experiment and subtracted from the chamber 
outgassing results.   
To use the throughput method for measuring the water outgassing rate, it is 
necessary to have a flow-constricting element with known conductance through which 
the outgassed water flows before it is pumped away. We achieve this by modifying a 
blank copper gasket (i.e., a solid 2 mm thick disk) to have a 6 mm diameter hole in the 
center. This blank gasket thus forms an orifice, which is installed between the chamber 
and the valve. The conductance of the orifice was determined from its dimensions to be 
3.15 L s-1 for H2O at 25 °C, with a k = 2 uncertainty (95 % confidence interval)
21 of less 
than 1 %.  For the Al chamber, the orifice gasket was made of 1100-H4 aluminum to the 
same dimensions and uncertainty as stated above. 
 
TABLE I. Description of all sample chambers used in this study. 
Designation Material Heat Treatment 
Ti titanium, ASTM 
grade 2 (unalloyed) 
None 
Al 6061 aluminum None 
304L 304L stainless steel None 
316L 316L stainless steel None 
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316L-XHV 316L stainless steel Vacuum-fired, 950 ℃, ≥ 24 hours 
316LN 316LN electroslag 
re-melt stainless steel 
None 
316LN-XHV 316LN electroslag 
re-melt stainless steel 
Vacuum-fired, 950 ℃, ≥ 24 hours 
 
 
B. Outgassing apparatus 
A schematic of the outgassing apparatus is given in Fig. 2. The sample chamber is 
evacuated by a turbomolecular pump through an all-metal valve connected to the sample 
chamber; a dry mechanical pump backs the turbomolecular pump (not shown).  An 
ionization gauge and a residual gas analyzer (RGA) are connected to the system between 
the turbomolecular pump and the all-metal valve.  As described in the previous section, 
an orifice is between the all-metal valve and sample chamber, and an SRG is attached to 
the sample chamber.  The SRG is used to determine the outgassing rates; the ionization 
gauge is only used to monitor the background vacuum level. Several platinum-resistance 
thermometers (PRTs) are attached to the chamber. The calibration of the PRTs are known 
to within an uncertainty of 50 mK. To determine the outgassing rates as a function of 
temperature, a temperature-controlled enclosure is placed over the sample chamber.  The 
temperature difference across the chamber is less than 2 K in this arrangement.  
 Time-dependent water outgassing rates are determined using the throughput 
method. Prior to measuring water outgassing rates, the chambers are exposed to 
atmospheric conditions for long enough to saturate the surface with water; at least several 
days. A dry pump backing the turbomolecular pump (not shown in Fig. 2) evacuates the 
system up to the all-metal valve to a pressure p < 10 Pa while the sample chamber 
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remains at atmospheric pressure. Evacuation of the chamber begins by opening the all-
metal valve with the backing pump operating. The measurement system is then turned on 
as quickly as feasible. Within the first minute after opening the all-metal valve to begin 
evacuation, the turbomolecular pump is started, the SRG is suspended and operated, and 
data logging is initiated. This is defined as t = 0 s. Initially the SRG reading changes 
rapidly for two reasons: First, atmospheric gas is evacuated from the chamber in addition 
to water or other molecules desorbing from the chamber surfaces. Second, the SRG 
requires approximately 5 hours from initial suspension to come to temperature 
equilibrium with the chamber and produce a stable reading.22 The rotor heats during the 
electromagnetic suspension causing the rotor temperature to rise; this heat slowly 
dissipates radiatively until the rotor temperature reaches equilibrium with the rotor 
chamber, causing the rotor diameter and hence its moment of inertia to change.22,23 We 
cut the first 30 min of data, after which the majority of the gas in the chamber is due to 
desorption, although the rotor signal is still changing as it comes to temperature 
equilibrium. For the SRG used here, this effect results in an error in the SRG background 
reading that is approximately 7 % low at t3 = 2 .0× 10
3 s, 2 % low at t4 = 1.0 × 10
4 s, and 
negligible at t5 = 1.0 × 10
5 s.    
 Pressure in the sample chamber p is related to the gas throughput q through the 
orifice by ( )0q p p C= − where p0 is the pressure downstream of the orifice with 
conductance C. The pressure ratio, defined as 
0
p
p
R
p
 , is estimated to be Rp = 5.8 from 
the effective pumping speed S downstream of the orifice and the conductance. With Q = 
q/A, where A the interior surface area of the chamber assembly taken from its dimensions, 
 11 
the measurement equation for the specific outgassing rate of water using the throughput 
method becomes: 
H2O
H2O
1 ( )
( )
p
p
R p t C
Q t
R A
 −
=   
 
.  (1) 
In eq.(1), CH2O is the H2O conductance of the orifice and p(t) is the SRG pressure.  A 
power-law of the form  
H2O 0( )Q t Q t
−=    (2) 
is fit to the data. The combined relative uncertainty in QH2O is given by 
H2O H2O
2
2 2 2 2 2 2
type A
1
pQ p C A R M
p
u u u u u u u
R
 
= + + + + +  
 
; all uncertainties reported here are given 
with a coverage factor of k = 2 (95 % confidence interval). The uncertainty in the H2O 
conductance is estimated to be 
H2OC
u = 2 % and 
pR
p
u
R
 ≈ 3 % is the uncertainty estimate due 
the pressure ratio. The uncertainty in the pressure reading up has three components: the 
uncertainty of the absolute pressure reading, the uncertainty associated with the error in 
the reading caused by the rotor suspension as discussed above, and the uncertainty due to 
the residual drag or background offset of the SRG reading. Additionally, there is 
uncertainty in the pressure reading associated with the assumption that the gas is entirely 
water, this is accounted for in uM, discussed below.   Combined, these three components 
yield up(t =2 × 10
3 s) = 9 %, up(t =1 × 10
4 s) = 19 %, up(t =1 × 10
5 s) = 6 %.   Both p and 
CH2O depend on 
1
M
, therefore the product pCH2O depends on 
1
M
, where M is the 
atomic mass of the gas sensed by the SRG. After the first few minutes of evacuation, 
when free gases are removed, water and hydrogen gas desorbing from the chamber 
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surface constitute the majority of the gas left in the chamber. Initially the largest fraction 
is water, but because water is more easily removed, as the system is pumped for longer 
times hydrogen gas begins to dominate. To estimate up, we assume 90 % of the gas is 
H2O at t =2000 s, at t = 10
4 s 50 % is H2O, and at t = 10
5 s only 10 % is H2O. This yields 
up(t = 2 × 10
3 s) = 1 %, up(t =1 × 10
4 s) = 6 %, and up(t =1 × 10
5 s) = 10 %. uA is the 
uncertainty due to the chamber area and is negligible compared to the other components. 
utype A is the type A uncertainty and is taken from the reproducibility of the water 
outgassing rate discussed in Section III.b; it is the dominant uncertainty component and is 
approximately utype A ≈ 30 %. Finally, to estimate 
H2OQ
u , we take the root-mean-square 
average of the combined uncertainties at  2 × 103 s, t =1 × 104 s, and t = 1 × 105 s to obtain 
H2OQ
u = 33 %.  
Hydrogen outgassing rates are typically measured after the water outgassing 
measurement is complete. Before beginning these measurements, the entire system is 
baked to between 125 ℃ and 150 ℃ for a minimum of three days to remove most of the 
remaining water. Afterwards, the sample chamber is allowed to re-equilibrate to 
laboratory temperature (maintained below 26 ℃) and the SRG is turned on. Hydrogen 
outgassing rates are measured as a function of temperature. To reach temperatures above 
laboratory temperature, the temperature-controlled box is placed around the sample 
chamber.   
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FIG. 3 An example of the rate-of-rise data used to determine the specific outgassing rate 
of the 304L chamber, showing the rise in pressure p in the chamber as a function of time 
t.  
Hydrogen outgassing is measured using a rate-of-rise technique.  The vacuum 
level data produced by the SRG is continuously logged as a function of time throughout 
the entire process. The procedure begins with the all-metal valve open.  The system 
temperature and pressure are monitored for stability.  The all-metal valve is then closed 
and thus begins a hydrogen outgassing measurement.  The pressure in the chamber rises 
with time, as shown in Fig. 3.  The valve remains closed for at least 4 hours and up to 
several days.  Opening the valve ends the rate-of-rise measurement; outgassing products 
are quickly evacuated, and the pressure burst may be observed on the residual gas 
analyzer (RGA).   
A linear least-squares fit to the pressure vs. time data yields the slope 
dp
dt
. The 
specific outgassing rate, or outgassing flux, is given by 
0
H2
dp
V q
dtQ
A
−
=  . (3) 
In eq. (3), V is the volume of the sample chamber assembly (including the valve and 
SRG), A is the macroscopic surface area of the sample chamber interior taken from its 
dimensions, and q0 is the background outgassing rate due the SRG and valve determined 
in a separate rate-of-rise measurement with no sample chamber and the SRG directly 
connected to the valve. 
 The relative uncertainty of QH2 is given by 
H2 0
2 2 2 2 2
type AQ V p q Au u u u u u= + + + + .  The 
uncertainties associated with the chamber volume and area are Vu  and Au respectively, 
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and are each estimated to be 4 %. The term pu  is the uncertainty of the determined slope 
dp
dt
. Following Sefa et al.3, the major uncertainty contributor to pu is the SRG calibration 
factor for H2 and pu  is estimated to be 7 %.  The uncertainty of the background 
outgassing is 
0q
u , which has a pu component in addition to a component due the 
uncertainty in the volume of the SRG plus valve; it is estimated to be 
0q
u = 12 %. The 
type-A uncertainty type Au  is the uncertainty determined using statistical methods. The 
reproducibly of the measured QH2 is the dominant contributor to type Au  and the combined 
uncertainty 
H2Q
u . The conditions of measurement reproducibility are the ability to 
reproduce the measured outgassing rate after the chamber has been vented, exposed to the 
atmosphere for some time, placed back under vacuum and re-baked. For QH2 > 1.0 × 10
-11 
Pa L s-1 cm-2, the uncertainty due to reproducibility is estimated to be 10 % from two 
measurements of the 316L chamber and is consistent with the reproducibility uncertainty 
of Sefa et al.3 For QH2 < 1.0 × 10
-11 Pa L s-1 cm-2 the uncertainty due to reproducibility is 
70 %, estimated from three measurements of the 316LN-XHV chamber and two 
measurements of the 315L-XHV chamber . Real changes in the surface conditions may 
explain much of the irreproducibility for QH2 < 1.0 × 10
-11 Pa L s-1 cm-2; however, 
measurement noise is also a significant contributor.  The background q0 and SRG noise 
limit the measurable specific outgassing rate to above 2 ×10-13 Pa L s-1 cm-2 for data 
collection times on the order of a day. In addition, the fundamental background signal of 
the SRG (i.e. the residual drag) can have a frequency dependence that must be considered 
and can be another significant contributor to the type A uncertainty for low signals. 
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Finally, 
H2Q
u  = 24 % for QH2 > 1.0 × 10-11 Pa L s-1, and 
H2Q
u  = 72 % for QH2 < 1.0 × 10-11 
Pa L s-1. 
 
 
FIG. 4  The measured specific outgassing rates for water, QH2O, for all seven sample 
chambers. (a) The present results for 304L compared to the results of Li and Dylla1 for 
chambers vented with air; (b) the present results for 304L compared to those of 316L, 
316LN, 316L-XHV, and 316LN-XHV; (c) The present results for 304L compared to 
those of Ti and Al.   
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FIG. 5  Repeat measurements of the specific outgassing rates for water, QH2O, for 316L 
and 316L-XHV. The chambers were removed from the apparatus and left in the ambient 
atmosphere between repeat measurements. 316L;1 is the same data presented in Fig. 4(b); 
316L;2 is a repeat measurement taken more than 1 year later. 316L-XHV;1 is the same 
data as in Fig. 4(b); 316L-XHV;2 is a repeat measurement take approximately 9 months 
later.   
 
III. Results and Discussion 
A. Water Outgassing 
Measured water outgassing rates are shown in Figs. 4 and 5. We include the water 
outgassing results from Li and Dylla1 for a 304L chamber exposed to ambient air in Fig. 
4(a) to facilitate a relative comparison among the present results to those benchmark 
results.  The dotted line in Fig. 4(a) represents the power law fit of eq. (3) to the 304L 
data.  Results of the power law fit for all seven chambers are summarized in Table II, 
along with the specific outgassing rates at three different times normalized to the those of 
the 304L chamber. Here the three times are t3=2 ×10
3 s, t4 = 10
4 s, and t5 = 10
5 s. Present 
results for the 304L chamber compare fairly well to the results of Li and Dylla; our 
results for QH2O(t3) are about 40 % lower than those of Li and Dylla and are a factor of 
2.3 lower at t = t5. Results for the 316 series chambers—316L, 316LN, 316L-XHV, and 
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316LN-XHV—all display lower initial outgassing rates than the 304L chamber. This is 
shown in Fig. 4(b). At t = 105 s, the 316L and 316L-XHV chambers have between 50 % 
and 70 % lower outgassing rates than does the 304L chamber.  Similarly, at t = 105 s, the 
316LN and 316LN-XHV chambers have between 20 % and 40 % lower outgassing rates 
than does the 304L chamber.  The time-dependence in QH20 for the 316LN and 316LN-
XHV chambers are similar to that for the 304L chamber, as demonstrated by α in Table 
II, but the 316L and 316L-XHV chamber seem to lose water at a slower rate.   
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Table II. Fit parameters Q0 and α from Eq. (2). Given the fit parameters, the specific 
outgassing rate for water QH2O(t) is calculated at three times: t3=2 ×10
3 s, t4 = 10
4 s, and t5 
= 105 s. The QH2O(t) at these three times are also normalized to those of the 304L 
chamber. 
 
Vacuum-firing does not seem to significantly affect the water outgassing.   
Neither the Al chamber nor the Ti chamber demonstrate significant practical advantage 
over 304L in terms of the outgassing rate at t = 105 s: Ti is about 10 % higher, which is 
within the measurement uncertainty, and the Al chamber is about 30 % higher.   
Finally, the reproducibility is demonstrated in Fig. 5. Repeat measurements of 
QH2O, for 316L and 316L-XHV are shown. The chambers were removed from the 
apparatus and left in the ambient atmosphere between repeat measurements. The two data 
sets on the 316L chamber were collected more than 1 year apart, and two data sets on the 
316L-XHV chamber were collected approximately 9 months apart.  The reproducibility 
given in section II.B. is taken from data shown Fig. 5 and in Table II,  
 
   QH2O(t) H2O
H2O
( )
( ;304L)
Q t
Q t
  
Chamber Q0 α t3 t4 t5 t3 t4 t5 
304L 7.0E-02 1.3 2.4E-06 2.7E-07 1.2E-08 1 1 1 
316L; 1 2.5E-04 0.89 2.8E-07 6.6E-08 8.5E-09 0.1 0.2 0.7 
316L; 2 1.2E-03 1.0 4.1E-07 7.7E-08 6.9E-09 0.2 0.3 0.6 
316L-XHV; 1 1.3E-04 0.83 2.0E-07 5.2E-08 7.7E-09 0.1 0.2 0.6 
316L-XHV; 2 5.3E-04 0.99 2.6E-07 5.3E-08 5.4E-09 0.1 0.2 0.5 
316LN 4.1E-03 1.2 5.2E-07 7.8E-08 5.2E-09 0.2 0.3 0.4 
316LN-XHV 7.4E-03 1.3 4.2E-07 5.4E-08 2.8E-09 0.2 0.2 0.2 
Al 4.2E-03 1.0 1.6E-06 3.2E-07 3.0E-08 0.7 1.2 2.5 
Ti 1.3E-03 1.0 6.4E-07 1.3E-07 1.3E-08 0.3 0.5 1.1 
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FIG. 6 Arrhenius plots of the measured specific outgassing rate for H2 QH2 for six 
chambers. 
 
 
FIG. 7 Plots of the measured specific outgassing rate for H2 QH2 for Ti as a function of 
relative time in days. 
 
B. Hydrogen Outgassing 
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Fig. 6 shows measured temperature dependent hydrogen specific outgassing rates 
plotted on Arrhenius plots. In the limit of diffusion-limited outgassing, hydrogen 
outgassing originating from the bulk of the material may be described by  
D
H2 0
B
log log
E
Q A
k T
= − ,   (4) 
where ED is an activation energy for hydrogen diffusion and A0 is related to the initial 
hydrogen concentration in the bulk of the material. Linear fits to the log of the outgassing 
data are displayed on all plots in Fig. 6. A summary of the ED and specific outgassing 
rates determined from the fit at 25 °C is given in Table III. In cases where multiple data 
sets were taken, the average of all QH2 determined at 25 °C is given.  The present ED 
results for 304L and 316L are within 5 % and 20 %, respectively, of the benchmark 
results of Grant et al.24,25 For Ti, the specific outgassing rate given in Table III is the 
average of all Ti data. The temperature dependence of the outgassing results for the Ti 
chamber did not follow the Arrhenius relationship.  These are plotted as a function of 
time in Fig. 7, where t = 0 is chosen as the time when the chamber bake was completed.  
The temperature of the chamber during the outgassing measurement is indicated by a 
label next to the data point. The general trend for the Ti chamber was that the outgassing 
rate decreased over time. This is not entirely surprising considering the studies done by 
Takeda and coworkers.12,13  They demonstrate that the hydrogen concentration in Ti is 
largest in the boundary between the Ti bulk and oxide layer on surface, suggesting strong 
hydrogen traps in that region, but a much lower concentration of hydrogen in the surface 
oxide layer, suggesting a faster diffusion rate for hydrogen in the surface layer.  These 
authors found that the oxide layer in Ti had much lower concentrations of hydrogen than 
the oxide layer in stainless steel.  We speculate that in our experimental arrangement, 
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hydrogen depletes from the Ti surface layer over a few days, reducing the outgassing 
such that it reaches the noise floor of the measurement. In Table III, the specific 
outgassing rate that we give for Ti at 25 °C is the average of all the Ti measurements. 
TABLE III. Specific hydrogen outgassing rates QH2 at 298.15 K.  For Ti, QH2 is taken as 
the average of all the Ti data.  For the others, QH2 is determined from the fitting 
parameters A0 and ED from Eq. (4).  
 
 Activation 
Energy ED 
QH2(T = 298.15 K) Relative 
improvement 
factor 
Chamber eV K Pa L s-1 cm-2  
Ti   2.5 × 10-12 377 
Al 0.37 4250 5.5 × 10-12 172 
316L-XHV 0.68 8080 5.1 × 10-12 184 
316LN-XHV 0.53 6890 9.9 × 10-12 95 
316L 0.66 7580 6.5 × 10-10 1.5 
316LN 0.64 7450 7.0 × 10-10 1.3 
304L 0.59 6880 9.4 × 10-10 1.0 
 
As can be seen from Table III, ultra-low specific outgassing rates of QH2 < 1.0 
×10-11 Pa L s-1 cm-2 are obtained from Al, Ti, 316L-XHV, and 316LN-XHV for T = 
298.15 K. As previously discussed, the repeatability of the outgassing measurements for 
QH2 < 1×10
-11 Pa L s-1 cm-2 is roughly 50 %; therefore, results for the Al and the vacuum-
fired stainless-steel chambers are equivalent to within the measurement uncertainty.  For 
the Ti chamber, it is possible that there is re-absorption of the hydrogen on the Ti surface, 
and therefore the true outgassing rate may be larger than that measured using a rate-of-
rise technique. Nevertheless, our results show that Ti is an excellent choice for many 
XHV applications. Table III also give the outgassing improvement relative to 304L 
stainless steel. We chose 304L as a benchmark because it is one of the most commonly 
used materials for vacuum chambers in the United States and, as the present study shows, 
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produces a similar hydrogen outgassing rate as 316L or 316LN with no heat treatment.  
We see no improvement in the hydrogen outgassing between the chambers constructed of 
316LN, which is produced by electroslag re-melt, over the chambers constructed of 
316L. This is significant because 316LN tends to be a more expensive material than 316L 
or 304L, and therefore may not be the most economical choice unless the application 
requires materials with low magnetic susceptibility, for example. The present results for 
Ti are in accord with previous outgassing measurements for Ti;12,14 similarly, the present 
results for vacuum-fired 316L are comparable to or lower than outgassing measurement 
for vacuum-fired 316L found in the literature.20,26–28 
 
 
IV. SUMMARY AND CONCLUSIONS 
We have compared the specific outgassing rates QH2 for seven chambers of 
identical geometry but of different materials and heat treatments:  Al, Ti, 304L, 316L, 
316LN, 316L-XHV, and 316LN-XHV.   The chambers 316L-XHV and 316LN-XHV 
were vacuum fired at 950 °C for greater than 24 hours.  Hydrogen outgassing rates were 
determined after a low-temperature bake between 100 °C and 150 °C for a minimum of 3 
days.  We found that Al, Ti, 316L-XHV, and 316LN-XHV all produced for QH2 < 1×10
-
11 Pa L s-1 cm-2 and are excellent choices for UHV or XHV applications. Al, Ti, 316L-
XHV, and 316LN-XHV show an improvement in outgassing of a factor of about 100 
over 304L. Ti demonstrated the lowest H2 outgassing, roughly a factor of 300 
improvement over 304L.  It is possible that some re-adsorption of outgassed hydrogen 
occurs on the Ti surface. We conclude that Al, Ti, 316L-XHV, and 316LN-XHV are all 
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excellent choices for UHV or XHV applications. Material cost and properties then 
becomes the more important consideration in choosing among these materials. For 
example, although 304L generally costs less than 316L, 316L contains molybdenum and 
is more corrosion resistant than 304L and is typically used for vacuum-firing (as in this 
study) because it is regarded as more resistant to softening during the firing process. All 
the stainless steels tested have excellent structural and mechanical properties 
(machinability, weldability, etc.), but 316LN is the least magnetic and is used in 
applications that require non-magnetic steel, even though this alloy tends to be expensive.  
Al has the least expensive material cost compared to the other chambers studied here, and 
has an excellent strength-weight ratio, but practical chambers made of Al can often be 
more expensive than those of stainless steel because of the difficulties of welding Al. 
Similarly, Ti tends to be an expensive material, and is more difficult to work with than 
stainless steel.   
Water outgassing rates as a function of pump-down time where also determined 
for the seven chambers.  The Al, Ti, and 304L chambers had similar water outgassing 
rates. The 316 stainless steels, 316L, 316L-XHV, 316LN, and 316LN-XHV, all started 
with lower water outgassing rates, about ten times lower than 304L at 2 ×103 s, but the 
316L and 316L-XHV do not show a significant improvement over the 304L chamber at 
105 s. Interestingly, the 316LN and 316LN-XHV maintain a similar improvement in the 
water outgassing rate as a function of time to the 304L chamber, although the overall rate 
is about 10 times lower.  
We have continued these studies to include other materials such as structural steel 
and will publish those additional results in the near future. 
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